The endoplasmic reticulum (ER) is a key organelle involved in sensing and responding to stressful conditions, including those resulting from infection of viruses, such as human cytomegalovirus (HCMV). Three signaling pathways collectively termed the unfolded protein response (UPR) are activated to resolve ER stress, but they will also lead to cell death if the stress cannot be alleviated. HCMV is able to modulate the UPR to promote its infection. The specific viral factors involved in such HCMV-mediated modulation, however, were unknown. We previously showed that HCMV protein pUL38 was required to maintain the viability of infected cells, and it blocked cell death induced by thapsigargin. Here, we report that pUL38 is an HCMV-encoded regulator to modulate the UPR. In infection, pUL38 allowed HCMV to upregulate phosphorylation of PKR-like ER kinase (PERK) and the ␣ subunit of eukaryotic initiation factor 2 (eIF-2␣), as well as induce robust accumulation of activating transcriptional factor 4 (ATF4), key components of the PERK pathway. pUL38 also allowed the virus to suppress persistent phosphorylation of c-Jun N-terminal kinase (JNK), which was induced by the inositol-requiring enzyme 1 pathway. In isolation, pUL38 overexpression elevated eIF-2␣ phosphorylation, induced ATF4 accumulation, limited JNK phosphorylation, and suppressed cell death induced by both thapsigargin and tunicamycin, two drugs that induce ER stress by different mechanisms. Importantly, ATF4 overexpression and JNK inhibition significantly reduced cell death in pUL38-deficient virus infection. Thus, pUL38 targets ATF4 expression and JNK activation, and this activity appears to be critical for protecting cells from ER stress induced by HCMV infection.
Cell death, such as apoptosis, is intimately involved in the biology of many viruses. Apoptosis can be beneficial to some viruses, such as measles virus and influenza virus, to promote their infection and spread under certain conditions (8, 9, 44) . However, apoptosis is detrimental to many other viruses, including herpesviruses such as human cytomegalovirus (HCMV), because it functions as a cellular antiviral response to eliminate infected cells, acts to elicit the immune response, or is a deleterious but inevitable consequence due to the stress inflicted by viruses on host cells. To survive, these viruses have developed many strategies to prevent premature cell death of host cells (reviewed in reference 2). HCMV is a member of the betaherpesvirus family and is a widespread opportunistic pathogen that causes severe disease and death in newborns and immunocompromised individuals. HCMV is a slow-growing virus, has a long replication cycle, and requires 48 to 72 h to complete an infection cycle in cultured human fibroblasts and thus would be highly exposed to many cellular defense responses. Not surprisingly, HCMV encodes an array of viral factors that allow it to modulate the host antiviral responses, including cell death, in order to replicate and disseminate.
Viruses have the ability to prevent cell death induced through either the extrinsic or the intrinsic pathways. The extrinsic pathway is commonly activated by extracellular death ligands as an integral part of the host immune response. These death ligands, such as interferon, tumor necrosis factor alpha, and Fas ligand, bind to their cognate receptors on the cell surface and activate the apoptotic program within the target cells. The intrinsic pathway is induced by stress signals within cells, such as DNA damage or endoplasmic reticulum (ER) stress caused by virus infection. These stress signals will activate the apoptotic program through mitochondrion-or endoplasmic reticulum (ER)-mediated pathways, leading to the demise of the cell. HCMV has been reported to encode multiple cell death inhibitors to block the extrinsic and the mitochondrion-mediated intrinsic pathway. Viral protein pUL36 (vICA) directly binds to procaspase 8 and prevents its activation (39) , whereas pUL37x1 (vMIA) disrupts the mitochondrial network, binds to Bax, and sequesters this important antiapoptotic molecule at the mitochondria (1, 10, 22, 32) . In addition, HCMV proteins IE1 and IE2 protect cells from apoptosis by activating the Akt-mediated signaling pathway (20, 50, 52) . Furthermore, HCMV produces a highly abundant 2.7-kb noncoding viral RNA during infection that interacts with mitochondrial respiratory chain complex I, maintains the mitochondrial function under stress conditions, and blocks mitochondrion-mediated apoptosis (35) . Finally, we have also reported that HCMV protein pUL38 is able to suppress cell death induced by thapsigargin, a pharmaceutical agent that perturbs Ca 2ϩ homeostasis of the ER (42) .
Cells initiate a set of signaling pathways that are collectively termed the unfolded protein response (UPR) when various insults and stresses occur to the ER, such as the accumulation of a large amount of glycoproteins or perturbations in Ca 2ϩ ho-meostasis in the ER. The UPR is initiated by three ER lumenlocated sensor molecules, PKR-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1 (IRE1), when ER stress is detected (21, 36) (Fig. 1 ). PERK is activated by phosphorylation, and activated PERK phosphorylates the ␣ subunit of eukaryotic translation initiation factor 2 (eIF-2␣), resulting in attenuation of global translation. It also selectively induces ATF4 translation, leading to expression of proteins involved in the antioxidant response to facilitate oxidative protein folding in the ER (11, 12, 27) . Activated ATF6 induces transcriptional activation of ER-resident chaperone proteins, such as GRP78 (Bip) and GRP94 (29, 38, 47) . Activated IRE1 has both endoribonuclease and kinase activities (7, 26) . Mediated by tumor necrosis factor receptor-associated factor 2, the kinase activity of IRE1 activates c-Jun N-terminal kinase (JNK) by phosphorylation (43) . The endoribonuclease activity of IRE1 mediates splicing of the X-box binding protein 1 (XBP-1) transcript, thus promoting translation of the spliced form of XBP-1 protein (XBP-1s), an active transcriptional factor that induces expression of a subset of the ER resident chaperones and enzymes involved in ER-associated degradation (ERAD) (e.g., ER degradation-enhancing ␣-mannosidase-like protein [EDEM]) (6, 17, 24, 48) . Collectively, the UPR attenuates synthesis of nascent proteins, induces degradation of misfolded proteins, and enhances the ER folding capacity, thus overcoming ER stress and restoring ER homeostasis. Therefore, the shortterm induction of the UPR helps cells adapt to stressful conditions and maintains their viability. However, a prolonged UPR may lead to cell death when damage to the ER is too great to overcome or the ER homeostasis cannot be restored. Under these conditions, molecular events induced by the UPR, such as CHOP/GADD153 expression (23) and JNK phosphorylation and activation, lead to cell death. In particular, activated JNK phosphorylates and inhibits antiapoptotic Bcl-2 protein and activates proapoptotic BH3 proteins, thus tipping the balance of the UPR toward cell death (18, 33, 43) . Therefore, the prosurvival or prodeath nature of the UPR is dependent on the context of the cellular environment and stress conditions. Like many other viruses, HCMV infection has a profound impact on the ER (3, 13, 15, 40, 41) . During infection, HCMV produces an abundant amount of viral glycoproteins, promotes the release of Ca 2ϩ from the ER to the cytosol (37) , and induces multiple cellular stress responses. Alwine and coworkers have elegantly shown that HCMV modulates the UPR by targeting all three signaling pathways during infection (13) . HCMV induces the phosphorylation of PERK/eIF-2␣ and translation of ATF4 but prevents the attenuation of global translation. HCMV blocks ATF6 cleavage, but the virus induces expression of a subset of downstream target genes, such as Bip and GRP94, in an ATF6-independent manner. HCMV also modulates the IRE1 pathway by promoting the endoribonuclease activity of IRE1 and inducing splicing of the XBP-1 transcript. However, the virus suppresses the expression of genes normally transactivated by XBP-1s, such as EDEM. It is conceivable that HCMV uses such a modulatory strategy to take advantage of some aspects of the UPR that are beneficial but block others that are potentially detrimental to virus infection (13) . It is unclear, however, which specific viral factors are encoded by HCMV to allow it to modulate the UPR and how the virus deals with the apoptotic nature of the UPR, such as IRE1-mediated JNK phosphorylation, in response to prolonged ER stress during infection.
In screening an HCMV mutant library, we have recently identified viral protein pUL38 as a novel factor required for maintaining the viability of host cells during HCMV infection (42) . pUL38 appears to play multiple roles in HCMV infection as it interacts with an array of cellular and viral proteins, and it also activates the mammalian target of rapamycin complex 1 (mTORC1), an important cellular sensor regulating cell growth, proliferation, and metabolism (25) . We found that the mutant virus lacking the UL38 gene induced drastic premature cell death during infection, which could be inhibited in pUL38-expressing cells (42) . While the expression of pUL38 alone failed to protect human fibroblasts from anti-Fas induced cell death, it blocked cell death induced by thapsigargin, a drug that induced the ER stress by disrupting the calcium homeostasis of the ER. This led us to hypothesize that pUL38 plays an important role in blocking the ER stress-mediated cell death pathway during HCMV infection (42) .
In the present study, we investigated the engagement of pUL38 activity in the UPR and the mechanism by which pUL38 inhibits ER-stress induced cell death. We present evidence that pUL38 induces robust ATF4 accumulation but inhibits persistent JNK phosphorylation. This activity of pUL38 reprograms the UPR to protect host cells from cell death induced by ER stress inflicted by HCMV infection. Three ER lumen-located sensor molecules, PERK, ATF6, and IRE-1, are activated in response to ER stress. Activated PERK phosphorylates eIF-2␣ and attenuates global translation but selectively induces ATF4 translation, leading to the expression of proteins involved in the antioxidant response to facilitate oxidative protein folding in the ER. Activated ATF6 induces transcription of ER resident chaperone proteins. Activated IRE1 has both kinase and endoribonuclease activities. Its endoribonuclease activity mediates the removal of an intron from the transcript of XBP-1 to generate the spliced mRNA, s-Xbp1, that encodes an active transcription factor inducing expression of components involved in ER stress-associated protein degradation (i.e., ERAD). In addition, the kinase activity of IRE1 phosphorylates and activates JNK, which could lead to apoptosis.
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MATERIALS AND METHODS
Plasmids and reagents. The plasmid pCG-ATF4 containing the human ATF4 cDNA was kindly provided by Tsonwin Hai at Ohio State University (19) . pYD-C163, pYD-C245, and pYD-C453 were retroviral overexpression vectors derived from pRetro-EBNA (16) . pYD-C163 carried the UL38 open reading frame (ORF) (42) and pYD-C245 contained a DsRed gene whose expression was driven by an internal ribosome entry site. pYD-C453 was created by cloning the human ATF4 ORF upstream of the internal ribosome entry site of pYD-C245. pYD-C255 carried a GalK/kanamycin dual expression cassette that was used for the first step of linear recombination (34) (see below).
The JNK inhibitor SP600125 and ER-stress inducers tunicamycin and thapsigargin were purchased from EMD Chemicals and Sigma, respectively. The primary antibodies used in the present study included anti-cleaved poly(ADPribose) polymerase (PARP) (19F4), anti-phosphorylated JNK, and anti-total JNK (Cell Signaling); anti-total eIF-2␣, anti-Bip (H129), anti-GRP94 (9G10), and anti-ATF4 (C-20) (Santa Cruz Biotechnology); anti-cleaved caspase 3 (MAB835; R&D Systems); anti-phosphorylated PERK (BioLegend); anti-phosphorylated eIF-2␣ (Invitrogen); anti-␤ actin (AC15; Abcam); and anti-pUL38 (42), anti-pUL36 (31), anti-pUL37x1 (37) , and anti-IE1 (42) (gifts from Thomas Shenk at Princeton University). 35 S protein labeling mix (Perkin-Elmer) was used for the metabolic pulse-labeling experiment as described in Fig. 6B .
Cells and viruses. Primary human foreskin fibroblasts (HFs) were propagated in Dulbecco modified Eagle medium supplemented with 10% fetal calf serum. To create cells expressing pUL38 (HF-UL38) or the human ATF4 protein (HF-ATF4), HFs were transduced three times with retrovirus reconstituted from pYD-C163 or pYD-C453 as previously described (34) . Control cells (HF-vector) for HF-UL38 or HF-ATF4 were made by transduction with retrovirus reconstituted from pRetro-EBNA or pYD-C245.
Three BAC-HCMV clones were used in the present study to reconstitute recombinant HCMV viruses. pAD-GFP carried the green fluorescent protein (GFP)-tagged genome of the HCMV AD169 strain and was used to produce wild-type virus ADwt (34) . pADdlUL38 lacked the entire UL38 coding sequence as previously described (42) . pADpmUL38 carried multiple point mutations engineered to specifically disrupt pUL38 expression and was constructed by two-step linear recombination as previously described (34) . Briefly, the PCR fragment containing a GalK/kanamycin dual marker cassette was used to recombine the marker cassette into the UL38 region of pAD-GFP, and the marker cassette was subsequently replaced by the PCR fragment of the UL38 gene that contained the desired mutations. The mutations introduced include nonsense mutations at His 6 and Met 12 , along with a three-base pair substitution (ACT to GCG) at Thr 8 to introduce an EagI restriction site, and a 2-bp insertion (GC) at Met 96 to introduce frameshift mutation and a PvuII restriction site (Fig. 2 ). To reconstitute virus, 2 g of the BAC-HCMV DNA and 1 g of the pp71-expression plasmid were transfected into HFs by electroporation as described previously (49) . Culture medium was changed 24 h later, and virus stock was prepared by harvesting cell-free culture supernatant when the entire monolayer of cells was lysed. Alternatively, virus stocks were produced by collecting cell-free culture medium from infection at the multiplicity of infection (MOI) of 0.05.
Cell survival assays. Cell survival was measured by ATP-based viability assay or trypan blue exclusion assay. ATP viability assay was performed according to the manufacturer's instructions (Cell Titer-Glo; Promega) in a 96-well plate format using Microtest Optilux plates (BD Biosciences) and analyzed by using a Wallac Victor II plate reader (Perkin-Elmer). For trypan blue exclusion assay, cells were treated with trypsin and stained with trypan blue (Sigma) for 10 min at room temperature. Stain-negative, live cells were scored with a hemacytometer. Experiments were performed in triplicate well, and the sample from each well was counted twice.
Reverse transcription-quantitative PCR analysis. Total RNA was extracted by using the TRIzol reagent (Invitrogen) and treated with the Turbo DNA-free reagent (Ambion) to remove genomic DNA contaminants. cDNA was reverse transcribed from 1.0 mg of total RNA with random hexamer primers using the a High Capacity cDNA reverse transcription kit (Applied Biosystems). Cellular cDNA was quantified by real-time quantitative PCR using the SYBR Advantage qPCR Premix (Clontech) and primer pairs specific for the human ATF4 gene (5Ј-CCC TAG TCC AGG AGA CTA ATA AGC A-3Ј and 5Ј-ACT TTC TGG GAG ATG GCC AAT-3Ј), the human EDEM gene (5Ј-CCG TCC AAG TCT TTG AGG CCA CG-3Ј and 5Ј-GTG CAT GTC TCA TTA TTG GTG TCA GGA GG-3Ј), and the human GAPDH (glyceraldehyde-3-phosphate dehydrogenase) gene (5Ј-CTC CAT CCT GGC CTC GCT GT-3Ј and 5Ј-GCT GTC ACC TTC ACC GTT CC-3Ј). The amounts of ATF4 and EDEM were normalized using GAPDH as the internal control.
To measure splicing of the XBP-1 transcript, total RNA was extracted as described above, and the total XBP-1 transcripts (spliced and unspliced) were quantitatively amplified by reverse transcription-PCR (RT-PCR) with a primer pair spanning the splicing region (5Ј-CCT TGT AGT TGA GAA CCA GG-3Ј and 5Ј-GGG GCT TGG TAT ATA TGT GG-3Ј) (14) . PCR products amplified from the spliced and the unspliced transcripts were resolved by agarose electrophoresis and quantified by ImageJ software (http://rsbweb.nih.gov/ij/). Immunoblotting analysis. Proteins were analyzed by immunoblotting as described previously (42) . Briefly, cells were collected, washed, and lysed in the sodium dodecyl sulfate (SDS)-containing sample buffer. Proteins from equal cell numbers were resolved by electrophoresis on an SDS-containing polyacrylamide gel, transferred to a polyvinylidene difluoride membrane, hybridized with primary antibodies, reacted with horseradish peroxidase-conjugated secondary antibodies, and visualized by using SuperSignal West Pico chemiluminescent substrate (Thermo Scientific).
RESULTS
Characterization of the recombinant HCMV virus in which pUL38 expression is ablated by point mutations. We have previously reported that the HCMV recombinant virus lacking the entire UL38 gene induced the premature death of infected cells, identifying pUL38 as a novel cell death-inhibitory protein encoded by HCMV (42) . Intriguingly, the neighboring genes UL37x1 and UL36 also encode cell death inhibitors (10, 39) . In order to dissect the mechanistic basis of pUL38 activity without the potential complication involving pUL37x1 and pUL36, we used a bacterial artificial chromosome (BAC)-based approach to create a recombinant HCMV virus in which pUL38 expression was disrupted by point mutations. The parental BAC-HCMV clone, pAD-GFP, was used to produce wild-type virus, ADwt. The recombinant BAC clone, pADpmUL38, carried multiple point mutations in the UL38 coding region. They included two nonsense mutations at codons His 6 and Met 12 , a 3-bp substitution at Thr 8 to introduce an EagI restriction site, and a 2-bp insertion at Met 96 to introduce frameshift and a PvuII restriction site ( Fig. 2A) . The frameshift mutation was necessary in addition to nonsense mutations in order to completely abolish pUL38 expression. If mutations were introduced only at codons 6 to 12 but Met 96 was preserved, a partially active form of a truncated UL38 protein was produced, likely because any one of four Mets between codons 12 and 96 could be used as an alternative translation site, thus possibly complicating our analysis of the mutant virus (data not shown).
Multiple assays were performed to validate the sequence of pADpmUL38. The overall sequence of the BAC clone appeared intact since the EcoRI and the BamHI restriction endonuclease digestion patterns of pADpmUL38 were identical to those of pAD-GFP (Fig. 2B) . The UL38 gene was further examined by PCR analysis with 4 locus-specific primers (i.e., Pri1 was localized in the UL37x1 coding sequence, whereas Pri2 to Pri4 were located within the pUL38 coding sequence) ( Fig. 2A and C) . The 5Ј-half and the 3Ј-half of the UL38 coding region were examined by using the primer pairs Pri1/Pri3 and Pri2/Pri4, respectively. As anticipated, PCR amplification on the wild-type BAC and the UL38 recombinant BAC with the same pair of primers generated a product with the identical size (Fig. 2C) . However, the wild-type and the mutant UL38 loci were distinguished by restriction endonuclease digestion of the PCR product generated with Pri1 and Pri3. UL38 Mutations created a PvuII restriction site within the PCR product ( Fig. 2A) . As a result, PstI/PvuII double endonuclease restric-tion digestion cleaved this 930-bp wild-type PCR product into 124-, 343-, and 463-bp fragments, whereas it cleaved the UL38 mutant PCR product into 54-, 70-, 343-, and 463-bp fragments (Fig. 2C) . Finally, the UL38 locus of pADpmUL38 was also examined by direct sequencing (data not shown). pADpmUL38 contained the precise intended modifications in UL38.
The UL38 point-mutant virus, ADpmUL38, was reconsti- tuted from transfection of pADpmUL38 in UL38-expressing HFs (HF-UL38) (42) . Expression of three neighboring celldeath inhibitory proteins, pUL38, pUL37x1, and pUL36, were examined by immunoblotting analysis (Fig. 2D) . As anticipated, expression of pUL38 was abrogated in cells infected with ADpmUL38, whereas the expression of pUL37x1 and pUL36 were comparable to those in cells infected with wildtype virus.
ADpmUL38 was further examined for its growth kinetics and ability to maintain the viability of infected cells. Growth of wildtype virus (ADwt), the UL38 deletion mutant (ADdlUL38) (42) , and the point-mutant virus (ADpmUL38) was examined in normal fibroblasts or UL38-expressing fibroblasts at an MOI of 0.2 (Fig. 3A) . Like the deletion mutant virus, the point mutant virus grew significantly slower, produced peak yield ϳ100-fold lower than that of wild-type virus, and never reached the titer of wild-type virus. Both the deletion mutant virus and the point mutant virus, however, replicated with wild-type kinetics in UL38-expressing fibroblasts, a finding consistent with the previous report (42) . Importantly, microscopy analysis demonstrated that, like the deletion mutant virus, the point mutant virus induced tremendous cell death at late times postinfection (42) (Fig. 3B) . Cell death during HCMV infection was quantified by trypan blue exclusion assay or an ATP-based viability assay that measured the amount of ATP proportional to the number of viable cells in culture (5, 46) . The results from both assays were consistent and confirmed the cell death observed morphologically in ADpmUL38 infection (Fig. 3C) . At early times, the levels of cell death were low in HCMV infection, and the virus was able to maintain the viability of infected cells efficiently even in the absence of pUL38 by 48 h postinfection. However, both assays indicated markedly more viable cells in infection with wild-type virus than infection of the mutant virus at 72 and 96 h, substantiating a major role of pUL38 in preventing cell death at late times in HCMV infection. As infection with the UL38 deletion mutant virus, elevated cell death induced by ADpmUL38 infection correlated with the induction of two major biochemical markers of apoptosis, proteolytic cleavage of caspase 3 and PARP (Fig. 3D) (42) . Thus, the point mutant virus ADpmUL38 recapitulated the growth de- Since the results obtained from multiple cell deathviability assays were reproducibly consistent, the quantitative and sensitive ATP-based assay was used to measure cell deathviability for the remainder of the present study except where experimental conditions do not permit. pUL38 expression in isolation suppresses ER stress-induced cell death. We previously found that expression of pUL38 in isolation failed to prevent anti-Fas antibody-induced extrinsic cell death pathway but protected cells from the treatment of thapsigargin, an agent that causes ER stress by destabilizing intracellular calcium homeostasis (42) . We confirmed this observation with the ATP-based viability assay (data not shown), and we hypothesized that one pUL38 function was to block cell death that resulted from ER stress inflicted by viral activities, such as the production of a large amount of viral glycoproteins that need to be processed by the ER or perturbations in the calcium homeostasis in the ER. To further test our hypothesis, we used another ER stress inducer, tunicamycin, a chemical agent that induces ER stress by inhibiting the synthesis of N-linked glycoproteins. We first examined how pUL38 modulated cell death in response to different doses of tunicamycin. pUL38 expression clearly protected fibroblasts from cell death induced by tunicamycin at the concentration up to the 6 g/ml (Fig. 4A) . At 2 g of tunicamycin/ml, a concentration that is commonly used to induce ER stress, Ͼ60% of the pUL38-expressing fibroblasts were viable compared to merely 20% viable cells that expressed vector only at 48 h posttreatment. The protective effect provided by pUL38 was maintained even when tunicamycin was reduced to 0.2 g/ml, a concentration that was 10-fold less than the one commonly used, thus further minimized any nonspecific effect of the agent. In addition, pUL38 protected cells from death at all times tested in the presence of 2 g of tunicamycin/ml (Fig.  4B ). The greatest difference of cell death in control and pUL38-expressing cells was observed at 48 h, and pUL38 was still able to provide substantial protection even at 72 h, with threefold more cells viable when pUL38 was expressed compared to the control. In addition, consistent with the previous report (42) , pUL38 expression also protected HFs from cell death induced by thapsigargin in a similar manner to that seen with tunicamycin (data not shown). Thus, pUL38 protected cells from death induced by two different types of ER stress inducers, thapsigargin and tunicamycin. We conclude that pUL38 is able to suppress ER stress-induced cell death. pUL38-deficient virus fails to induce robust ATF4 translation or suppress persistent JNK phosphorylation at late times during infection. ER stress activates the UPR, which is initiated by three sensor molecules (i.e., PERK, ATF6, and IRE1), enhances the ER capacity, and restores the ER homeostasis. The UPR temporarily sustains cell viability, but it ultimately leads to cell death if the ER stress cannot be resolved. HCMV induces the UPR but is able to modulate it in a manner that benefits virus infection (13) . The ability of pUL38 expression in isolation to block ER stress-induced cell death led us to hypothesize that pUL38 plays a similar role in virus infection by modulating the virus-induced ER stress response and blocking the resulting cell death. pUL38 may elevate the UPR in a manner that enhances the ability of the ER to deal with stress and/or directly block death signaling activated by the persistent ER stress during HCMV infection.
We tested this hypothesis by systematically examining PERK, ATF6, and IRE1 signaling pathways of the UPR in response to ADpmUL38 infection. HFs were infected with ADpmUL38 or ADwt and harvested at 24, 48, and 72 h postinfection, and representative markers of these three pathways were examined by immunoblotting analysis (Fig. 5A) . For the PERK pathway, the phosphorylation of PERK and eIF-2␣, as well as the expression of ATF4 were examined. In ADwt infection, the increased accumulation of phosphorylated PERK and eIF-2␣ became visible at 48 h, continued to elevate at 72 h, and the abundant accumulation of the ATF4 protein was evident at 72 h. In addition, the level of total eIF-2␣ was also elevated as early as 24 h during HCMV infection. Therefore, the overall modulation of the PERK pathway by HCMV infection was consistent with the previous study (13) . However, the levels of phosphorylated PERK and eIF-2␣ appeared to reduce in cells infected with ADpmUL38 compared to those with ADwt at 48 to 72 h. Most strikingly, the accumulation of the ATF4 protein was substantially lower in cells infected with ADpmUL38 than those with ADwt, most evident at 72 h. Since the translation of ATF4 is known to be specifically induced by on September 23, 2017 by guest http://jvi.asm.org/ phosphorylated eIF-2␣, we then determined whether the observed differential regulation of ATF4 accumulation was at the level of translation or transcription. Consistent with the previous report, despite a substantial increase of ATF4 at the protein level, there was only a small (ϳ2-fold) increase at the transcript level during the course of infection (13) (Fig. 5B ).
More importantly, at any given time no substantial difference in the ATF4 transcriptional level was observed in cells infected with ADwt or with ADpmUL38. This suggests that ATF4 expression was induced at the translational level by elevated eIF-2␣ phosphorylation in the presence of pUL38 during HCMV infection. Therefore, pUL38 was required for HCMV to efficiently activate the PERK/eIF-2␣/ATF4 pathway at late times, which is critical to enhance the ER capacity in response to virus-activated ER stress.
To determine the potential involvement of pUL38 in the ATF6 pathway, we analyzed levels of GRP94 and Bip in response to virus infection. Consistent with the previous report (13) , the elevated level of GRP94 was observed as early as 24 h and persisted through the course of infection, whereas the level of Bip peaked at 24 h and gradually decreased after (Fig. 5A) . Importantly, no substantial difference was observed in GRP94 and Bip levels in ADpmUL38 infection or ADwt infection. Thus, pUL38 is unlikely to be involved in the ATF6 branch of the UPR.
Finally, we analyzed the IRE1 pathway of the UPR by examining XBP-1 splicing, EDEM transcription, and JNK phosphorylation. HCMV infection has been reported to induce splicing of the XBP-1 transcript, an event entirely dependent on the endo-RNase activity of IRE1; however, the infection does not induce the transcription of EDEM, a downstream event that is activated by the XBP-1 splicing in a prototypical UPR response (13) . Similarly, we found that XBP-1 splicing was initiated at as early as 24 h (Fig. 5C) , and the transcript level of EDEM remained constant at 24, 48, and 72 h postinfection (Fig. 5B) . However, no detectable difference was observed in cells infected with ADpmUL38 or with ADwt at all times examined (Fig. 5B and C) . We next analyzed the phosphorylation of JNK, another key event that was activated by the IRE1 pathway and was dependent on the kinase activity of (Fig. 5A) . A detectable level of phosphorylated JNK was present in mock-infected fibroblasts, likely because HCMV infection experiments in the present study were carried out 24 h after cells were seeded, a condition where JNK was activated by serum stimulation (45, 51) . Intriguingly, wild-type virus infection appeared to elevate JNK phosphorylation at 24 h but subsequently blocked it at 48 to 72 h postinfection (Fig. 5A) . On the other hand, the pUL38-deficient virus infection not only induced a greater JNK phosphorylation at 24 h but also failed to suppress it at 48 and 72 h postinfection as efficiently as did wild-type virus. Since JNK phosphorylation in response to ER stress is dependent on the kinase activity of IRE1, this suggests that HCMV infection activates the endo-RNase activity of IRE1 but antagonizes its kinase activity to prevent persistent JNK phosphorylation, and modulation of the latter is pUL38 dependent. Our results confirmed a previous report that HCMV infection modulated the UPR (13), and our study further suggested that at late times during infection pUL38 was required for HCMV to efficiently activate the PERK/eIF-2␣/ATF4 pathway and reduce persistent JNK phosphorylation that was likely to be dependent on the kinase activity of IRE1.
pUL38 expression alone is sufficient to activate ATF4 translation and attenuate JNK phosphorylation. The data obtained during HCMV infection led us to hypothesize that pUL38 expression was sufficient to activate ATF4 translation and inhibit persistent JNK phosphorylation. To test the hypothesis, we first examined the status of eIF-2␣ and ATF4 in fibroblasts expressing pUL38 or control fibroblasts expressing vector only (Fig. 6A ). Experiments were carried out 48 h after cell seeding to reduce basal levels of JNK phosphorylation. The protein levels of phosphorylated eIF-2␣ and, in particular, ATF4, were elevated in pUL38-expressing cells. However, the transcript level of ATF4 in pUL38-expressing cells was actually somewhat lower than that in control cells, suggesting that ATF4 translation was activated by phosphorylated eIF-2␣. Intriguingly, global translation in UL38-expressing cells as measured by 35 S incorporation was comparable to that in control cells despite the elevated eIF-2␣ phosphorylation (Fig. 6B) . (This 35 S incorporation represented nascent protein synthesis because it was blocked in the presence of cycloheximide.) It is conceivable that pUL38-mediated activation of mTORC1 (25) , a pathway known to elevate protein translation, may compensate for the potential protein translation attenuation caused by eIF-2␣ phosphorylation. We also treated cells with tunicamycin to induce JNK phosphorylation and determined the potential inhibitory effect of pUL38 (Fig. 6C ). Whereas the total JNK level remained constant after the tunicamycin treatment, the levels of phosphorylated JNK started to increase at 48 h and persisted to 72 h (Fig. 6C) , a finding consistent with the marked death of HF-vector cells observed at 48 to 72 h (Fig. 4B) . Importantly, JNK phosphorylation was significantly reduced in pUL38-expressing cells compared to that in control cells. Finally, we also analyzed other aspects of the tunicamycin-induced UPR in pUL38-expressing cells. We did not observe a measurable difference in ATF6 signaling, as indicated by the accumulation of Bip and GRP94, or the IRE1 endoribonuclease-dependent XBP-1 splicing in the presence or absence of pUL38, a finding consistent with the role of pUL38 during HCMV infection (data not shown).
These results suggest that pUL38 expression alone was sufficient to activate eIF-2␣-dependent ATF4 translation and attenuate persistent JNK phosphorylation and activation. 35 S]cysteine incorporation as described previously (13) in the presence or absence of 100 g of cycloheximide/ml (CHX). [ 35 S]incorporation was quantitated by trichloroacetic acid precipitation using a scintillation counter. Protein lysate from equal numbers of cells was also separated by SDS-PAGE and detected by autoradiography (shown in the inset). (C) HF-vector or HF-UL38 cells were treated with 2 g of tunicamycin/ml, and the total and the phosphorylated levels of JNK at different times posttreatment were examined by immunoblotting.
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Overexpression of ATF4 or inhibition of JNK activation enhances the viability of cells infected with pUL38-deficient virus.
The pUL38-mediated modulation of two critical components of the UPR led us to further hypothesize that induction of ATF4 expression and inhibition of persistent JNK activation contribute to the ability of pUL38 to suppress cell death in HCMV infection. We predicted that overexpression of ATF4 or inhibition of JNK activation would protect cells from death induced by the pUL38-deficient mutant virus. To test the involvement of JNK activity, we treated HFs with a JNK inhibitor SP600125 that inhibits the kinase activity of activated JNK, infected cells with HCMV, and measured cell viability at 72 and 96 h postinfection. Since SP600125 is an ATP analog that could interfere with the ATP viability assay, we used trypan blue exclusion assay to score viable cells. Neither ATF4 expression nor total or phosphorylated levels of JNK was altered in the presence of SP600125 (Fig. 7B) . However, as anticipated to directly inhibit the kinase activity of activated JNK, SP600125 significantly enhanced the viability of cells infected with pUL38-deficient virus at concentrations of 25 and 50 M, whereas it showed a minimal effect on cells infected with wild-type virus (Fig. 7A) . A SP600125 concentration of 50 M enhanced the number of viable cells infected with pUL38-deficient virus by 100 and 300% at 72 and 96 h postinfection, respectively. Consistently, the cleavage of caspase 3 and PARP was also substantially inhibited by SP600125 at both concentrations (Fig. 7B) .
To test the involvement of ATF4 in cell death induced by pUL38-deficient virus, control fibroblasts (HF-vector) or fibroblasts overexpressing ATF4 (HF-ATF4) were prepared by transduction with empty or ATF4-expressing retroviral vector, and the overexpression of ATF4 in HF-ATF4 cells was confirmed by immunoblotting (Fig. 8A ). Cells were then infected with wild-type virus or pUL38-deficient virus, cell viability was analyzed by trypan blue exclusion assay, and the cleavage of caspase 3 and PARP was assessed by immunoblotting analysis. ATF4 overexpression enhanced the number of viable cells infected with pUL38-deficient virus by 55 and 150% at 72 and 96 h, respectively, whereas it has no detectable effect on cells infected with wild-type virus (Fig. 8A) . Consistently, the cleavage of caspase 3 and PARP in pUL38-deificient virus-infected cells was greatly reduced by ATF4 expression (Fig. 8B) . However, JNK phosphorylation induced by infection of pUL38-deificient virus was not inhibited by ATF4 overexpression. This result, together with the observation that the inhibition of JNK activity failed to alter ATF4 expression (Fig. 7B) , suggests that JNK inhibition and ATF4 induction are likely to be independently modulated by pUL38.
Collectively, our results demonstrate that pUL38 plays an important role in protecting cells from ER stress caused by HCMV infection, at least in part, by activating eIF-2␣-dependent ATF4 expression and suppressing persistent JNK phosphorylation and activation.
DISCUSSION
Viruses need to activate cellular responses that are beneficial and overcome many that are detrimental in order to establish a successful infection. Cell death is a central cellular response that HCMV needs to target because it is highly effective in controlling slow-growing viruses such as HCMV and because it can be activated by multiple signals that are a result of HCMV infection. Not surprisingly, several HCMV-encoded cell death-inhibitory proteins, such as pUL36, pUL37x1, IE1, and IE2, have been characterized and shown to inhibit apoptosis induced by extrinsic or mitochondrion-mediated intrinsic pathways. We have previously identified HCMV protein pUL38 as a novel cell death inhibitor and demonstrated that it protected cells from the ER stress inducer thapsigargin (42) . In the present study we investigated the mechanism underscoring this activity of pUL38. This viral protein deregulated the ER stress-induced cell death because its expression alone protected cells from thapsigargin and tunicamycin, two drugs that induced the ER stress via different modes (Fig. 4 and data not shown) (42) . To understand how pUL38 modulated the UPR during infection, we took advantage of the recombinant HCMV virus in which pUL38 expression was specifically disrupted by point mutations (Fig. 2) . Systematic and comparative analysis of the UPR induced and modulated by UL38 pointmutant virus or wild-type virus indicated that pUL38 targeted at least two critical components of the UPR: ATF4 translation and JNK phosphorylation/activation (Fig. 5) . Like UL38 deletion mutant virus (42), UL38 point mutant virus was severely growth defective and induced massive death of infected fibroblasts, and its growth was restored in pUL38-expressing cells (Fig. 3) . We have previously also reported that viral late gene expression and viral DNA synthesis were delayed during HCMV infection in the absence of pUL38 (42) . Thus, the infection cycle progression of UL38 mutant virus appeared to be delayed compared to that of wild-type virus. Could the aberrant ATF4 and JNK modulation simply reflect a delayed modulation of the UPR due to the slower progression of mutant virus infection? We think that this is unlikely because the alteration in the UPR induced in mutant virus infection was multifaceted rather than a simple delay (Fig. 5) . Although mutant virus failed to robustly activate PERK/eIF-2␣/ATF4, it induced expression of Bip/GRP94 and splicing of XBP-1 mRNA as efficiently as the wild-type virus. Furthermore, mutant virus induced persistent JNK phosphorylation to a greater level than wild-type virus did. More importantly, pUL38 expression alone inhibited JNK phosphorylation and activated ATF4 induction (Fig. 6) . Collectively, our results support a direct role of pUL38 in modulating the UPR in HCMV infection.
pUL38 shares no apparent homologues to any known viral or cellular proteins involved in cell death pathways, but it interacts with several cellular and viral proteins, suggesting that it may play multiple roles during HCMV infection (25) . One of the pUL38-interacting partners is a component of the tuberous sclerosis protein complex (TSC1/2) that is the negative regulator of mTORC1 (25) . Thus, one function of pUL38 appears to inhibit TSC, activate mTORC1, and promote downstream events such as protein synthesis and ribosome biosynthesis to create a favorable metabolic environment for HCMV replication (25) . However, it is unclear whether and how activation of mTORC1 engages ER stress-induced cell death. Intriguingly, the loss of TSC1/2 activates mTORC1 but also renders cells hypersensitive to ER stress induced by tunicamycin and thapsigargin (30) . Inhibition of mTORC1 by rapamycin protects cells from ER stress-induced cell death (28) . Therefore, activation of mTORC1 may protect cells from certain stress but sensitize cells to the ones on the ER. The fact that pUL38 interacts with an array of cellular proteins involved in different biological pathways (25) led us to favor the view that pUL38 is a multifunctional protein. It may use multiple mechanisms to protect host cells from various stresses imposed by HCMV infection, and the ability of pUL38 to block ER stressinduced cell death may be independent of its effect on mTORC1 activation. Nonetheless, we cannot rule out the possibility that pUL38 may modulate mTORC1 in a way to subvert this pathway to antagonize the ER stress-induced cell death.
As anticipated, the JNK inhibitor SP600125 and ATF4 overexpression substantially enhanced the viability of cells infected with UL38-deficient virus ( Fig. 7 and 8) . However, perhaps due to multiple reasons, such treatments did not completely restore the cell viability to the level seen in wild-type virus infection nor recover the growth of mutant virus (data not shown). Notably, JNK and ATF4 were tightly regulated in wild-type virus infection. JNK activation was, in fact, transiently induced at early times and gradually decreased thereafter, whereas ATF4 induction was mostly evident only at late times (Fig. 5) , raising the possibility that such temporary regulation may be critical for efficient HCMV replication, and therefore the approach of constitutive JNK inhibition or ATF4 induction may also have a detrimental effect on HCMV infection. Moreover, the multifunctional nature of pUL38 suggests that this protein engages in several cellular or viral processes and may employ multiple mechanisms in addition to those identified in the present study to block cell death and facilitate virus growth. Aside from its aforementioned role in mTORC1 activation, pUL38 facilitates viral DNA synthesis (42) and interacts with nucleosome remodeling and histone deacetylation complex, suggesting a possible role in regulating viral and cellular gene transcription (25) . It is conceivable that these functions of pUL38, in addition to its modulation of UPR, are all required for HCMV growth. Nonetheless, our results revealed the protective role of JNK inhibition and ATF4 expression under HCMV-induced stress conditions, and we concluded that pUL38-mediated modulation of these two components of the UPR contributes, at least in part, to its role as a cell deathinhibitory protein in HCMV infection.
The simultaneous targeting of multiple cellular responses by one viral protein has an advantage in that it may also allow HCMV to maintain the beneficial aspects of these responses and at the same time limit the adverse effects of these responses. For instance, short-term induction of the UPR protects cell from ER stress, but the prolonged induction results in attenuated protein synthesis and ultimately cell death. It is plausible that pUL38 targets the mTORC1 and the UPR simultaneously to enhance the ER capacity and at the same time maintain the global protein translation (Fig. 6B) and limited the detrimental effect of UPR in HCMV infection. With such a strategy, it is conceivable that the virus is able to modulate the cellular environment effectively and precisely to facilitate its infection.
Currently, it is unclear how pUL38 simultaneously targets the PERK/eIF-2␣/ATF4 pathway and the IRE1/JNK pathway, whether pUL38 has a direct kinase/phosphatase activity, and what its proximal cellular targets are in order to regulate these pathways. It is possible that modulation of one pathway by pUL38 leads to the modulation of the other because of the potential cross talk between the two pathways. As ATF4 controls the expression of genes that help cells adapt to stress conditions, it may prevent the activation of late signaling events that lead to cell death, such as JNK phosphorylation. However, it is equally possible that pUL38 modulates ATF4 translation and JNK phosphorylation/activation through distinct mechanisms. In HCMV infection, the modulation on JNK phosphorylation (i.e., 24 h postinfection) was observed earlier than that on eIF-2␣ phosphorylation and ATF4 expression (i.e., 48 to 72 h postinfection) (Fig. 5A ). Thus, it is possible that the inhibition of JNK at early times may not depend on the induction of eIF-2␣/ATF4. It is intriguing to speculate that pUL38 may prevent JNK activation that is potentially induced by multiple stresses (4) at early times in addition to ER stress that results from late viral activities (e.g., producing and overloading viral glycoproteins to the ER) during infection. Further studies are required to elucidate how pUL38 integrates its regulatory activities on different cellular pathways and how multiple functions of pUL38 cross talk to counteract various stresses and to facilitate HCMV growth.
